Abstract
Introduction 23
Indian cities have witnessed an exponential growth of vehicles during the previous two decades or so, 24 contributed largely by motorised two-wheelers (MTW) countries and is as low as 22% in the Americas (WHO, 2015). There are multiple factors contributing to 40 these differences, such as road design, provision of safe infrastructure for pedestrians and cyclists, traffic 41 management, and the enforcement of speed and alcohol limits. Apart from these, the major underlying 42 difference is how people travel in these settings. 43
According to Census 2011, close to one-third of the workers (30%) in Indian cities walk to work, 17% cycle, 44 a quarter (25%) use some form of public transport (bus, autorickshaw or train), more than one-fifth (22%) 45 use MTW and only 5% use cars (Census-India, 2016). As a result, 69% of the workers can be categorised 46
as VRUs during their commute trips. If we consider walking involved in either ends of a public transport 47 trip, the proportion of work trips involving VRU reach up to 94%. The location of the crashes mentioned in the FIR data consisted of the name of the road where the crash 165 occurred along with a landmark. Using this information, geographical coordinates of the crash locations 166
were identified using Google Maps as well as Wikimapia (http://wikimapia.org/country/India/Delhi/). The 167 latter has information regarding informal landmarks known among local population and collected through 168 crowdsourcing, which are often missing in Google Maps. In addition, we referred to jurisdiction map of 169 police stations. Landmarks of some of the crash locations were reported using serial number of pillars of 170 elevated metro corridors, and were also not available on Wikimapia. For these, we visited those road 171 sections and geo-located those pillars using GPS. 172
We use wards as areal units which are administrative units in the city for the purpose of municipal 173 corporations. In 2011, Delhi was divided in to 282 wards with an average size of 4.9 km 2 with more than 174 half (54%) of all the wards having an area of less than 2 km 2 . The average number of VRU fatalities across 175 the wards is 18 varying from a minimum of zero to maximum of 183. We used ward-specific demographic 176 and socio-economic statistics from Primary Census Abstract (PCA) reported by Census 2011. 177
From PCA, we used population, literacy rate, and percent of population who are workers. The population 178 of wards also vary from ~14,000 to ~146,000 with an average of ~58,000. Literacy rate is defined as the 179 percentage of population above 6 years who are literate. Workers have been classified based on the 180 length of employment during the past one year-main worker: 6 months or more, marginal worker: less 181 than 6 months, and non-worker: no employment. For our analysis, we only used the main worker 182 category. 183
In the absence of city-wide traffic counts, modelled vehicle kilometers travelled (VKT) were used from 184
Travel The model of road deaths presented in this study also accounts for exposure for each ward. We calculated 193 exposure as the sum of population of the ward and the total number of daily person trips destined to the 194 ward. This was then multiplied by 3 since the fatality counts correspond to a three-year period. Thus, 195 exposure accounts for population residing in the ward as well those visiting the ward during the course of 196 a day. For instance, in case of a ward with offices and other commercial land use, while the residing 197 population could be small, it will still attract a large number of people during the day. For estimating the 198 number of external trips to wards we used TDFS study. 199
From TDFS, origin-destination (OD) matrices of person trips estimated for year 2011 were available for 200 motorised modes and classified among four categories-car, MTW, intermediate public transport (IPT)  201 which includes auto rickshaws (or tuk-tuks), and public transport (PT) including bus and train. We used 202
OD matrices for year 2011 as these need to be consistent with the population which corresponds to 2011. 203 We used sum total of all modes to estimate total trips destined to each zone. The OD units in TDFS are 204 traffic analysis zones (TAZs) which were formed using wards. In cases where ward size was much bigger, 205
TAZs were formed by dividing the ward into two or more units. By overlaying the TAZ over wards in a GIS 206 platform, TAZs were mapped to their corresponding wards. Using this correspondence, ward-specific VKT 207 and exposure were calculated using zonal data. The total number of external trips to each ward are shown 208
in Table 1 as Person trips destined to ward. 209 For built environment variables we included grade separators (overpass/flyovers), roundabouts, bus 211 stops, and built-up population density. Built up area was identified using Google Earth for 2013 (Goel and 212 Guttikunda, 2015), using which ward-specific population density were estimated. The average built-up 213 population density of wards is 490 persons per hectare (pph), with 60% of the wards within 500 pph and 214 85% within 800 pph. Other built environment variables were also identified using Google Earth for year 215 2012. In case of grade-separated intersections, we used the corresponding intersection as a point location 216
to represent grade separator. Most flyovers in Delhi connect two parallel legs of a major intersection to 217 facilitate the uninterrupted movement of through moving traffic. Few flyovers span across more than one 218 intersection and are often referred to as elevated roads. For those flyovers, we denoted locations at their 219 beginnings and at their ends. 
where, are the observed VRU fatality counts in each ward , are the expected count of fatalities, X 227 represents a vector of explanatory variables, or covariates for each ward, is the exposure, β 0 is the 228 intercept, β is a vector of fixed effect parameters, δ is the uncorrelated heterogeneity or unstructured 229 error, and ν is the spatially correlated heterogeneity. The random error components represent the effects 230 of unmeasured/unknown risk factors. Here, δ represents overdispersion and accounts for variation in the 231 expected fatality risk of wards after controlling for the independent variables, and ν represents spatial 232 patterns affecting fatality risk and not accounted for by the independent variables. 233
The first level of the hierarchical modeling framework presented in the equation (1) where, refers to the indices of all wards which are neighbours of a given ward , and n is the total 257 number of neighbours of ward . To determine the number of neighbours and to identify the pairs of 258 wards as neighbours, a contiguous neighbor-adjacency matrix was created using the poly2nb function in 259 the spdep R package (Bivand et al., 2011) . To define neighbours, we used queen adjacency method 260 according to which two wards are neighbours if they share a common boundary or a point. 261 262
The above specification implies that spatial component of error at any ward (ν ) has a normal distribution. 263
That distribution is centered around the mean of the spatial error components of all its neighbouring 264 wards and the variation around the mean is inversely proportional to the number of its neighbours. As 265 the number of neighbouring wards increase, the spread of the distribution around the mean value also 266 reduces. 267 268
Similar to log ( δ ),log ( ν ) is also assigned a prior of log-gamma distribution with mean and precision of 1 269 and 0.0005. The parameters describing the priors are often referred to as hyper-parameters, which in the 270 current specifications are δ and ν , for uncorrelated and spatially correlated error terms, respectively. 
Selection of variables 292
Before progressing to development of the regression model, we investigate the Pearson correlation 293 between various variables in order to avoid multicollinearity between the independent variables. VKT has 294 high positive correlation with number of bus stops and high negative correlation with population density. 295
Population density and number of bus stops are also highly negatively correlated. We found that adding 296 the three variables together did not significantly affect the standard deviations of their coefficients 297 compared to when they are added individually. In addition, magnitude of the coefficients also changed by 298 a maximum of 25% in case of population density. At the same time, DIC reduced significantly by 5 units 299 compared to the model with only VKT among the three variables. Therefore, in the final model, all the 300 three variables were retained. 301 
2017). 329
The percentage of population as main workers is positively associated with the fatality risk. According to 330
Census 2011, 65% of the main workers in Delhi are in the age group 30-59, and 86% of them are males. 331
Therefore, workers represent a specific demographic group, which is predominantly male in the age group 332 30-59. This is also reflected in the age and sex distribution of injuries. For the three-year fatality data 333 (2010-2012) reported in the current study, sex of victims was reported for year 2010, according to which 334 males accounted for 91% of all fatality victims, while their share in overall population is 54% (Census-335 India, 2012). The disproportionate share of men in the age group 15-59 years was also reported by the 336 Million Death Study (Hsiao et al., 2013 ). This explains a positive association of main workers with fatality 337 risk. 338
It is interesting to note that even though Pearson correlation between percentage of main workers and 339
percentage of literate population is positive, the coefficients of the two variables are opposite in signs. 340
This means that SES (indicated by literacy) and demographics (indicated by workers) have their 341 independent effects which are opposite in directions. 
347
According to the posterior distribution of coefficient of number of roundabouts, up to 85 th percentile 348 value is a negative. One of the benefits of Bayesian method over frequentist method is that while the 349 latter reports coefficients as single values, the former reports them as distributions of values. Thus it can 350 be said that, given the data, there is more evidence in favour of a negative association of roundabouts 351 with fatality risk than a positive or no effect. 352
The negative association of roundabouts with fatality risk is also expected from international experience. 353
Roundabouts have been adopted globally as a traffic calming measure because of their effectiveness to 354 reduce road crashes. According to a meta-analysis of 28 studies in non-US locations, conversion of 355 intersections to roundabouts resulted in 50-70% reduction of the fatal crashes (Elvik, 2003) . In Holland, 356 before-and-after studies of the construction of about 200 roundabouts showed a significant drop of 89% 357 of pedestrian fatalities (Schoon and Van Minnen, 1994) . 358
Flyovers and bus stops 359
Apart from roundabouts, flyovers and bus stops are two other variables representing road infrastructure, 360 and we will discuss the two together because of their related features. Flyovers have a strong positive 361 association with fatality risk, with one flyover increasing the relative risk by 15% compared to no flyover. 362
Bus stops are also positively related to fatality risk. These effects are independent of the volume of traffic. 363
The coefficients of the two variables may not be isolated effects of the two infrastructure elements and 364 could also be indicating the effect of other built environment features which occur simultaneously. 
395
In order to understand the effect of density, we expressed the relative risk with respect to the overall 396 average population density (total population/total built-up area) of 250 pph. Figure 2 indicates that 397 relative risk of fatalities is more than 1.8 times higher at density of 50 pph compared to city-level average. 398
The non-linear curve shows that at higher density levels, the effect of density flattens off and the most 399 reduction in relative risk is up to a density of 850 pph. There are various factors which could result in this 400 association of density with risk and we discuss those in the following text. High density also attracts higher number of IPT, such as cycle rickshaws, auto rickshaws, and e-rickshaws. 408
These modes are demand responsive and are operated by private operators. Therefore, their volumes are 409
proportional to density or the demand. Since buses do not operate through streets in residential areas, 410
IPT is also used for last-mile connectivity of a bus or metro trip (Goel and Tiwari, 2015). In the absence of 411 dedicated parking bays or stops, these vehicles idle along the curb-side lane for passenger boarding and 412 alighting, leading to further congestion. On-street parking/idling effectively narrows the roads, and driver 413 tend to be more cautious while driving through those sections (Gattis, 2000) . 414
In Delhi, as well as in most Indian cities, most informal neighborhoods or commercial areas have high 415 built-up density and narrow roads. Informality implies that most growth in built-up is in-situ (as opposed  416 to Greenfield development). Also, the street design is not according to municipal bye-laws which ensure 417 wide-enough streets. Formally designed high-income neighborhoods often have wider streets, but due to 418 on-street car parking by the residents, road widths are effectively reduced. 419
As a result, most through movement of motorised traffic occurs on major roads, and those driving through 420 the narrow streets tend to drive slow. In addition to slower and low volume of traffic, trucks and buses 421 are almost absent in these locations. While trucks are restricted by police, buses do not ply due to lack of 422 space. This can also be seen through a negative correlation of population density with both, number of 423 bus stops as well as VKT, which in turn are proxies of major roads. Therefore, high density should also be 424 interpreted as a proxy of residential/commercial land-use and street design, and these correlates of high 425 density act as speed calming measures. 426
The relationship of crash risk with population density has been inconsistent across the studies. While 
